BS is an inherited cancer predisposition disorder caused by inactivation of the RecQ family helicase, BLM. One of the de®ning features of cells from BS individuals is chromosomal instability, characterized by elevated sister chromatid exchanges (SCEs), as well as chromosomal breaks, deletions, and rearrangements. Although the basis for chromosomal instability is poorly understood, there is evidence that chromosomal abnormalities can arise through an alteration in the eciency or ®delity of DNA double strand break (DSB) repair. Here, we show that BS cells demonstrate aberrant DSB repair mediated by the non-homologous end-joining (NHEJ) pathway for DNA repair, one of the two main pathways for the repair of DSBs in mammalian cells. Through a comparison of BS cell lines, and a derivative in which the BS phenotype has been reverted by expression of the BLM cDNA, we show that BS cells display aberrant end-joining of DSBs. Importantly, DNA end-joining in BS cells is highly error-prone and frequently results in DNA ligation at distant sites of microhomology, creating large DNA deletions. This aberrant repair is dependent upon the presence of the Ku70/86 heterodimer, a key component in the NHEJ pathway. We propose that aberrant NHEJ is a candidate mechanism for the generation of chromosomal instability in BS.
Introduction
Bloom's syndrome (BS) is a rare autosomal recessive disorder characterized by genomic instability, and markedly increased incidence of several types of cancer (Ray and German, 1983) . The protein defective in BS, BLM, is a DNA helicase belonging to the highlyconserved RecQ family (Ellis et al., 1995a) . Genomic instability in BS cells takes several forms, including elevated levels of chromosomal breaks, deletions, and rearrangements (German et al., 1974; Langlois et al., 1989; Ellis and German, 1996; Karow et al., 2000) . BLM appears to act in S phase to prevent excessive and inappropriate recombination events (Karow et al., 2000; Chakraverty and Hickson, 1999; Yamagata et al., 1998) . BLM also forms a direct interaction with the RAD51, a key protein that mediates homologous recombination (HR) (Bischo et al., 2001; Wu et al., 2001) , one of the pathways for repair of DSB. In BS cells, germline mutations of BLM lead to excessive HR and sister chromatid exchanges (Ellis et al., 1995b) .
Multiple proteins in the HR complex are now known to be dysregulated in inherited chromosomal instability syndromes, such as Bloom's syndrome, Fanconi's anaemia (FA), familial breast cancer (FBC), and ataxia telangiectasia (AT), which predispose these individuals to multiple types of cancer (Wu et al., 2001; GarciaHiguera et al., 2001; Welsch and King, 2001; Li et al., 2000) . In addition to HR, DSBs can also be repaired in mammalian cells by NHEJ (Roth et al., 1985; Roth and Wilson, 1986; Khanna and Jackson, 2001 ). This latter repair pathway, which unlike HR is potentially error-prone, requires the Ku70/Ku86 heterodimer and the catalytic subunit of DNA-dependent protein kinase (DNA-PKcs) (Khanna and Jackson, 2001) . Recently, it has been shown using experimentally induced DSBs that chromosomal translocations can occur through NHEJ and simple annealing at homologous repeat sequences (Richardson and Jasin, 2000) . It is possible, therefore, but not yet shown, that when HR is disrupted/altered, DSBs usually repaired by this mechanism are instead repaired by other mechanisms, most likely NHEJ, that give rise to chromosomal translocations and deletions (Moynahan et al., 2001) . In BS, it appears that repair of DSBs also comprises an error-prone DNA joining mechanism that could be due to NHEJ activity (Runger and Kraemer, 1989) . We now show that BS cells indeed have increased NHEJ activity that is associated with profound in®delity in end-joining of DSBs created in plasmid DNA. This repair is dependent on the established NHEJ proteins, Ku70 and Ku80. We propose that this aberrant NHEJ activity is a candidate mechanism for the chromosomal instability exhibited by BS cells.
Results
To analyse the eciency and ®delity of NHEJ in BS cells, we ®rst studied rejoining of plasmid DNA in nuclear extracts from BLM-de®cient cells and controls. We used nuclear extracts (Jessberger and Berg, 1991; Baumann and West, 1998 ) of a cell line (GMO8505) from a BS individual, containing a de®ned, inactivating mutation in the BLM gene (Li et al., 1983) . To act as controls for those cells in which the BLM cDNA had been re-introduced (PSNF5; see below) derivatives of GM08505 that had been transfected with the empty pcDNA neo vector were generated. These clones were designated PSNV4 and PSNG13. We found a fourfold higher end-joining activity in the PSNV4 cells (mean 58% (n=4)) and PSNG13 cells (mean 44.3% (n=4) compared with primary lung ®broblasts (WI38, mean 13% (n=4)), and SV40 transformed WI38 (VA13, mean 14.47% (n=4)) (P50.001) (Figure 1a,b) . Importantly, this activity returned to the level seen in the control cells, in a subline GMO8505 cells in which a wild-type BLM cDNA had been transfected (PSNF5), (mean 16.2% (n=4); Figure 1a ,b). Evidence that PSNF5 cells had been phenotypically`corrected' by expression of BLM came from the ®ndings that SCE levels were reduced to the near control levels (Table 1) and BLM protein expression could be readily detected by Western blotting (Figure 2a) .
To con®rm that NHEJ components were involved in the DNA strand break rejoining in BS cells, nuclear extracts from BS cell lines (PSNV4 and PSNG13) were incubated with increasing concentrations of antibodies to Ku86, Ku70, and DNA-PKcs. The results (Figure 1c, d) illustrate that plasmid ligation was inhibited with increasing concentrations of antibodies for each of these proteins. End-ligation activity was completely abrogated at the following antibody concentrations: Ku70, 1\10; Ku86, 1\10; DNA-PKcs, 1\10. A second set of antibodies against Ku70 and Ku86 donated by Stephen Jackson, CRC, Cambridge, UK were also (PSNV4  and PSNF5 ), control ®broblasts (WI38, VA13), and Bloom's`corrected' line (PSNF5). Eciencies were calculated by 2D densitometry measurement of the conversion of plasmid monomers to multimers; the sum of all converted plasmid products was divided by the sum of all products. (c) Agarose gel of ligated pUC18 following incubation of BS cell extracts (PSNV4) containing increasing concentrations of antibodies against Ku86. End-ligation assays were performed as described in Materials and methods (M=monomer, D=dimer, Tr=trimer, Te=tetramer) . (d) Graph showing the eect on pUC18 ligation eciency in PSNV4 nuclear extracts containing increasing concentrations (1\300 ± 1\10) of anti-Ku86 (black diamond), anti-Ku70 (black square), anti-DNAPKcs (black triangle) and anti-Ku86+blocking peptide (dotted line). Results are representative of ®ve independent experiments found to inhibit end-ligation (data not shown). In contrast, antibodies to Ku86, Ku70 and DNA-PKcs pre-bound to their cognate peptides, showed no decrease in end-joining eciency with increasing antibody concentration. In addition, incubation of nuclear extracts with antibodies to Rad 51, a protein active in the HR pathway, showed no decrease in end-joining eciency (data not shown). These results con®rm previous results by Baumann and West (1998) that the assay measures NHEJ and that this pathway is dependent upon the Ku86, Ku70 and DNA-PK factors, and strongly suggest that NHEJ (or some aberrant form of NHEJ) is responsible for the increased DSB ligation eciency observed in BS cells. To determine whether increased expression of NHEJ proteins could account for the signi®cant increase in end-joining activity in BS cells, Western blot analysis of NHEJ proteins (Ku70, Ku86, DNA-PKcs, Mre11 (another component of the NHEJ pathway)) was performed on cell lysates and nuclear extracts from PSNV4 and PSNF5 cells. In addition, Western blots were also analysed for Rad51, a DSB repair protein not involved in NHEJ. No signi®cant dierences in steady state expression of NHEJ proteins were observed compared with controls ( Figure 2b) .
We next determined whether the increased plasmid end-joining activity in BS cells was associated with an increased frequency of errors. To do this, we used the DNA repair ®delity assay devised by North et al. (1990) . This plasmid reactivation system determines the ability of nuclear extracts to correctly rejoin a single EcoRI cut DSB within the lacZa gene of the pUC18 plasmid. Correct ligation of the DSB without the loss or addition of bases would result in blue colonies following bacterial transformation, whereas faulty repair would result in white colonies. The percentage of white colonies over total (blue plus white) colonies gives the frequency of misrepair after correction for spontaneous plasmid rejoining controls. At least 20 ± 50 white colonies were analysed per experiment. We found an increased frequency of misrepair in BS (PSNV4 and PSNG13) cells (mean 9.8% (n=5). Figure 3a) as compared with WI38 and VA13, (mean 1.75% (n=4); P50.001) (Figure 3a) . Importantly, in BS corrected' (PSNF5) cells, misrepair frequencies were signi®cantly reduced to near the levels observed in the control cell. (3.2% [mean] P50.001).
To determine the type of misrepair observed in our assays, colony PCR was performed on blue and white colonies from each of the above experiments using primers located on either side of the DSB. Blue colonies (designated`b' in Figure 3 ) should yield a normal PCR product of 628 bp, indicating proper repair of the damaged plasmid. PCR products from white colonies that were smaller than 600 bp (428 bp deletion) were considered aberrant, and thus the percentage of aberrant deletions could be derived. PCR of 20 ± 50 white (designated`w' in Figure 3 ) colonies/experiment derived from incubations of linearized pUC18 with control WI38 and VA13 cell nuclear extracts, yielded only PCR products with small deletions of 528 bp (Figure 3e ). However, PCR analysis of 20 ± 50 white colonies/experiment derived from assays with BS (PSNV4 and PSNG13) cell extracts showed a dramatic increase in the number of large deletions (29 ± 400 bp; 70% of white colony PCR products) (Figure 3b, d) within the test plasmids assayed. Crucially, 20 ± 50 white colonies analysed from experiments with PSNF5 nuclear extracts, cells in which expression of the BLM protein had been restored, only very rarely demonstrated large deletions (6%) (Figure 3c ). Hence, PSNF5 cells again behaved like wild-type cells in this regard.
To gain some insight into the mechanism underlying the in®delity of DSB repair seen in the BS cells, we sequenced 12 white colonies from each of PSNV4 and PSNF5 transfectants. Interestingly, in all cases tested, the end-joined regions showed distinct areas of To determine whether the inappropriate activity of one of the proteins of the NHEJ pathway were responsible for aberrant DSB rejoining observed in BS cells, repair ®delity assays were repeated with nuclear extracts from PSNV4 cells in the presence of increasing concentrations of antibodies against Ku70, Ku86 or DNA-PKcs. Results from ®ve dierent experiments with each antibody at dierent concentrations were consistent and indicated a general decrease in total colonies observed in all cases (not shown) in accordance with the abrogation of end-joining eciency shown previously (Figure 1d ). Consistent with the above results, end-ligation activity was completely abrogated at the following antibody concentrations: Ku70 1\10; Ku86 1\10; DNA-PKcs 1\10. In the plasmid reactivation assay, incubation with antisera to Ku70, Ku86 or DNA-PKcs at concentrations that were still permissive for DSB repair (2 ± 20-fold higher dilution than that required to block repair) allowed calculation of DNA misrepair frequencies. A total of between 20 and 30 white colonies per antibody dilution experiment were examined.
At an antibody dilution of 1\20, anti-Ku86 treated extracts restored the frequency of misrepair to normal levels in the PSNV4 cells (9.4% (mean) down to 1.8% (mean)); P50.001 (n=5)) (Figure 5a ). Anti-Ku70 treated extracts (1\20) also restored the frequency of misrepair to normal levels (10.5% (mean) down to 2.75 (n=4)). The LacZa plasmid reactivation assay was used to calculate the misrepair frequencies. EcoRI linearized pUC18 was incubated with nuclear extracts from cell samples as described in Materials and methods. Puri®ed DNA was used to transform E. coli strain DH5a and the transformation mixture was plated on agar plates containing X-gal and IPTG. The frequency of misrepair was derived by counting the number of white colonies as a percentage of the total number of blue and white colonies after correcting for assay controls. (b,c,d,e) . PCR of white (w) and blue (b) colonies derived from plasmid reactivation assays, (b) PSNV4 (w1 ± 14) (c) PSNF5 (w1 ± w14), (d) PSNG13 (w1 ± w14), (e) WI38 (w1 ± w11). L=DNA size ladder (bp). Colony PCR was performed on blue and white colonies using primers located on either side of the DSB. Blue colonies, which have an intact LacZa gene, yield a full-length PCR product of 628 bp (mean); P50.001) (n=5)) in the PSNV4 cells ( Figure  5a ). However, addition of antibody to DNA-PKcs had no eect on the mean frequency of misrepair ( Figure  5a ). Controls using blocking peptides speci®c for antiKu70 and anti-Ku86 showed no decrease in either total colony numbers or the mean frequency of misrepair at any of the antibody concentrations tested (Figure 5a ). PCR analysis of a total of 20 ± 50 white colonies from each antibody dilution from three anti-Ku86-treated PSNV4 nuclear extracts revealed that there was a dramatic reduction in the size of deletions compared with extract-only controls (Figure 5c ). Using PSNV4 cells, the frequency of aberrant deletions was reduced from 80% (mean) to 6% (mean) (n=3), P50.001 (Figure 5e ). PCR analysis of 20 ± 50 white colonies from antibody dilution experiments with PSNV4 nuclear extracts containing anti-Ku70 showed a similar reduction in the average size of deletions (Figure 5e) . Indeed, the frequency of aberrant deletions was reduced from 70% (mean) to 8% (mean) (n=3), P50.001. However, PCR analysis of 20 ± 50 white colonies from each antibody from three anti-DNAPKcs treated experiments showed no change in the average size of deletions detected (Figure 5e ). Experiments using extracts from BS`corrected' (PSNF5) cells showed no change in the frequency of misrepair with increasing concentration of antibody (Figure 5b ) and no change in the size of deletions (Figure 5d ). Controls using blocking peptides speci®c for anti-Ku70 and antiKu80, showed no decrease in either total colony numbers or the mean frequency of misrepair with increasing antibody concentration (Figure 5a) . Thus, titration studies with antibodies to key NHEJ repair proteins strongly indicate that Ku70 and Ku86 contribute to the in®delity of accompanying DSB repair.
Discussion
Here, we show that BS cells, which have a geneticallyde®ned defect that controls levels of HR (reviewed in Karow et al., 2000 and Hickson, 1999) , display an increase in the activity of the NHEJ pathway for repair of DSBs. Our ®ndings indicate that this increased repair activity is associated with repair in®delity and the formation of large DNA deletions, and suggest an important mechanism by which chromosome instability may arise in BS and, by extension, in at least some cases of sporadic cancer.
Using an in vitro plasmid reactivation assay, we have shown that BS cells are characterized by increased repair errors, as shown by the in vivo data of Runger and Kraemer (1989) . The demonstration of mutated BLM as the genetic basis for BS and elucidation of the error-prone NHEJ repair since 1989 allowed us to further explore the mechanism by which increased repair errors in BS may occur. Using the recently established in vitro assay for NHEJ we demonstrated that BS cells have an increased eciency of the endjoining. Furthermore, titration studies with antibodies to key NHEJ repair proteins strongly indicate that Ku70 and Ku86 are required for the in®delity of accompanying DSB repair. In their study, Runger and Kraemer (1989) showed that BS cells have decreased plasmid rejoining in vivo. The discrepancy between our results is unclear, but may be attributable to dierences in measuring plasmid rejoining in vivo vs in vitro. Transfection can often result in modi®cation of plasmid inside cells, and thus may result in a skewed picture of Figure 4 Sequence analysis of misrepaired plasmids: end-ligation occurs through alignment of microhomologies. DNA sequencing of PCR products of seven white colonies from LacZa reactivation assays using BS (PSNV4) and`corrected' BS (PSNF5) nuclear extracts. (a) Table of sequencing results showing the size of PCR product, size and region of deletion, and the short tracts of nucleotide microhomology (forward strand) at the breakpoint junction. (b) DNA sequences from normal pUC18 showing the EcoRI restriction site (arrows) and an example of a short region of sequence microhomology on either side of the putative breakpoint junction for clone PSNV4-w5 (repeat sequences in bold and underlined). (c) Putative mechanisms for ligation of DNA ends using microhomologous sequences, resulting in a large (215 bp) deletion Oncogene Aberrant non homologous end-joining repair in Bloom's syndrome TJ Gaymes et al plasmid end-joining. Our in vitro assays allowed direct contact of plasmids DSB with active joining components, thus allowing a quantitation of rejoining events with more accuracy. Furthermore, our documentation of increased repair errors concomitant with increased ligation eciencies based not only on a comparison with normal control cells but also isogenic Bloom's corrected cells, makes for a more robust analysis. Repair in®delity studies with increasing concentrations of antibodies against NHEJ repair proteins. Mean misrepair frequencies from LacZa reactivation assays of nuclear extracts from (a) PSNV4 and (b) PSNF5 cells containing antibodies (1\200 ± 1\20)) to Ku70, Ku86 and DNA-PKcs. Symbols: Anti-Ku86, (black diamond); anti-Ku70, (black square); anti-DNA-PKcs, (black triangle); anti-Ku86+blocking peptide, (dotted line). (c,d) PCR products of 3 ± 6 randomly picked white colonies from LacZa reactivation assays of (c) PSNV4 and (d) PSNF5 nuclear extracts incubated with anti-Ku86 (1\200 ± 1\20). The assay was performed as described in Materials and methods. b=blue colony, L=DNA size ladder (bp). (e) Graph showing the mean percentage aberrant deletions in PSNV4 assays with increasing antibody concentration. White PCR products less than 600 bp (428 bp deletion) were considered aberrant and thus the percentage of aberrant deletions was derived by dividing the number of aberrant PCR products by the total number (20 ± 50 white colonies from each antibody dilution from experiments were analysed)
The mechanism by which a loss of BLM results in increased NHEJ repair is unclear. One explanation is that BLM plays a direct role in NHEJ. However, our results of increased rather than decreased NHEJ eciencies in BS cells suggest that this explanation is unlikely. We consider it more likely that BLM is involved in some aspect of HR. DSB repair is likely to be tightly monitored and regulated, and failure to repair by the preferred error-free pathway may lead to a compensatory shift in regulation of NHEJ activity. Other pathways, such as, single strand annealing (SSA) may also have altered activity in BS cells (Pastink et al., 2001) . Evidence to support the contention that BS cells show aberrant repair comes from our and other studies indicating that BS cells display some level of constitutive, unrepaired DNA damage, especially during S phase. In BS cells excessive nuclear foci thought to represent sites of ongoing or incomplete repair are evident, but these are not seen after reintroduction of the BLM gene (Bischo et al., 2001; Wu et al., 2001, our unpublished data) . It appears that the price paid by BS cells for exhibiting a compensatory increase in NHEJ activity is the aberrant repair of strand breaks creating large DNA deletions.
Analysis of some of the plasmid deletions from our end-joining assays suggests that DSB repair occurred through ligation of distant regions of microhomology. We have shown that the plasmid deletions we have assayed are dependent on the presence of the Ku70/86 heterodimer in our nuclear extracts, a feature of NHEJ repair. Nevertheless, the mechanism by which increased Ku 70/80 activity leads to DNA misrepair remains unclear, since we have not demonstrated a signi®cant dierence in the steady state levels of either Ku or 86 in our nuclear extracts to account for NHEJ overactivity. It has previously been demonstrated that the Ku 70/86 heterodimer exhibits exonuclease activity upon disassociation with DNA-PKcs, possibly allowing complementary base sequences around the DSB to align. Upon alignment of microhomologous regions, the overhanging nucleotides are then degraded through activity of an exonuclease (Khanna and Jackson, 2001 ). Thus, post translational modi®cation or mutations in either Ku 70 or 86 may explain the altered activity, leading to illegitimate recognition of microhomologous sequences distant from the DSB and inappropriate exonuclease activity. Interestingly, a Ku86 mutant cell line, Xrs-6 demonstrates a lack of accurate rejoining of DNA ends and repair primarily at regions of microhomology in vitro (Feldmann et al., 2000) . E. coli rec Q mutants also show an elevated rate of illegitimate recombination, in particular at short DNA sequence repeats (Hanada et al., 1997) . Hence, one role for recQ is to suppress the micro-homology-dependent formation of chromosomal deletions in E. coli. However, the role of Ku 70 and/or 86 in illegitimate recombination is not known.
Our ®ndings must be viewed in the context of recent studies of cells from Ku70 7/7 mice suggesting the importance of this protein in the protection against genetic instability and tumorigenesis (Di®lipiantonio et al., 2000) . Taken together with our present analysis, these results suggest that the role of Ku70 in cancer predisposition syndromes such as BS may be complex, and that over or under activity might contribute to DNA repair in®delity. Thus, over-activity of the Ku70/ Ku86 mediated NHEJ repair may be just as injurious to cells as is a reduction in activity and may be a causative mechanism in BS cells. This NHEJ aberration may be analogous to the situation in S. cerevisiae described by Tsukamoto et al. (1997) , in which illegitimate recombination resulting in DNA deletions was found to be mediated by the NHEJ proteins. In addition, a recent study showed that Drosophila Dmblm mutants lacking the only known BLM homologue in this organism show partial male sterility associated with excessive chromosome nondisjunction (Kusano et al., 2001) . These phenotypes could be rescued by expression of an extra copy of the Ku70 gene, suggesting that a functional interaction between BLM and Ku70 may be a feature of all eukaryotic cells.
Materials and methods

Cells
Primary lung ®broblasts, WI38 and the SV40 transformed WI38, designated VA13, were purchased from the American tissue culture collection (ATCC). Clones of GMO9505 cells (SV40-transformed ®broblast line from a patient with BS; Li et al., 1983) were created by transfection and selection in G418 containing medium. Clones PSNV4 and PSNG13 were transfected with pcDNA3 vector alone, and clone PSNF5 was transfected with pcDNA3 expressing full-length BLM with a C-terminal Flag epitope tag (see below).
Cell line culture
All cells were grown at 378C in a-MEM supplemented with 10% foetal bovine serum and 3 mM glutamine (all chemicals were purchased from Sigma-Aldrich Co. Ltd., Poole, UK) in a humidi®ed atmosphere containign 5% CO 2 . Transfectant clones were grown routinely in medium containing 340 mg/ml G418 (Invitrogen-Life, Paisley, UK).
Cloning of the BLM cDNA
The full-length BLM cDNA was generated using the polymerase chain reaction, as described previously (Karow et al., 1997) . The 3' primer (5'-CTCGAGTTACTTGTCGT-CATCGTCCTTGTAGTCTGAGAATGCATATGAAGGC -TT-3') contained codons for the Flag epitope tag (Asp-TyrLys-Asp-Asp-Asp-Asp-Lys). The ampli®ed product was cloned between the BamHI and XhoI sites of the mammalian expression vector pcDNA3 (Invitrogen, Groningen, Netherlands) using standard techniques.
Transfections GMO8505 cells were seeded at a density of approximately 2610 4 cells/cm 2 the day before transfection. Cells were then transfected with the BLM cDNA in pcDNA3, or the vector alone, using FuGENE reagent (Roche, Lewes, UK) according to the manufacturer's instructions. Stable clones of Oncogene Aberrant non homologous end-joining repair in Bloom's syndrome TJ Gaymes et al transfected cells were selected in medium containing 750 mg/ ml G418. Expression of the BLM protein was demonstrated in PSNF5 by immunoblotting, using a BLM antibody (Santa Cruz Inc.) (see Figure 2a) .
Preparation of nuclear extracts
Nuclear extract preparations were isolated using the method of Jessberger and Berg, 1991 . Exponentially growing cells (2610 6 /ml) were removed from culture and centrifuged in a swing-out rotor (Rotina 46r, Hettich) at 150 g for 10 min at 48C. The pellet was resuspended in ice-cold nuclei isolation buer (3.75 mM Tris-HCl, pH 7.5, 0.05 mM spermine, 0.125 mM spermidine, 0.5 mM EDTA, 20 mM KCl, 0.1 mM PMSF, 0.1% (v/v) aprotinin, 0.5% (v/v) thiodiglycol), at 2610 6 cells/ml of buer and centrifuged as before. The cells were resuspended in ice-cold nuclei isolation buer and this procedure was repeated once more. The cells were resuspended in ice-cold nuclei isolation buer II (3.75 mM TrisHCl, pH 7.5, 0.05 mM spermine, 0.125 mM spermidine, 0.5 mM EDTA, 20 mM KCl, 0.1 mM PMSF, 0.1% (v/v) aprotinin, 0.5% (v/v) thiodiglycol, 0.1% (w/v) digitonin) at 3.75610 6 cells/ml of buer, and dounce homogenized using a Wheaton B pestle. The homogenate was layered onto 0.25 M sucrose gradients and was centrifuged at 150 g for 10 min at 48C. Nuclear pellets were resuspended in ice-cold isolation buer II and then pooled. The presence of nuclei was visualized using phase contrast microscopy. Nuclei were lysed by resuspension in ice-cold nuclei lysis buer (10 mM HEPES, pH 7.5, 350 mM KCl, 0.2 mM EDTA, 3 mM MgCl 2 , 0.001 mM DTT, 0.2 mM PMSF, 0.2% aprotinin (v/v), 15% (v/v) glycerol) and incubation on ice for 30 min. The nuclei were then centrifuged at 70 000 g for 60 min at 48C. The supernatant was retained and dialysed for 3 h against buer E (20 mM Tris-HCl, pH 8.0, 0.1 mM KOAc, 20% (v/v) glycerol, 0.5 mM EDTA and 1 mM DTT), before being snap frozen and stored at 7808C.
Plasmids and antibodies
pUC18 (MBI Fermentes) was linearized with EcoRI (MBI Fermentes), dephosphorylated with calf intestinal alkaline phosphatase (Promega, Southampton, UK) and 32 P-end labelled with T4 polynucleotide kinase (Promega). Goat polyclonal antisera raised against Ku86, Ku70, DNA-PKcs, Mre11, BLM and their respective blocking peptides were purchased from Santa-Cruz Technologies, CA, USA. Ku86 and Ku70 blocking peptides mapped to the carboxy terminus (amino acids 713 ± 730 and 590 ± 608) of their respective proteins. DNA-PKcs blocking peptide mapped to the amino terminus (amino acids 2 ± 21). Rabbit polyclonal antisera raised against Ku86, Ku70 and DNA-PKcs were also provided by Dr Stephen Jackson, CRC, Cambridge, UK. Rabbit polyclonal antisera raised against Rad51 was a kind gift from Dr Stephen West, Imperial Cancer Research Fund, South Mimms, UK.
End ligation assay
Assays were performed according to the protocol devised by Baumann and West (1998) . Reactions (10 ml) were carried out in 50 mM triethanolamine-HCl, pH 7.5, 60 mM KOAc, 50 mM dNTPs, 2 mM ATP, 1 mM DTT and 100 mg/ml bovine serum albumin. Nuclear cell extract (containing 1 ± 3 mg of protein (Bradford, 1976) was incubated for 5 min at 378C before addition of 32 P-labelled pUC18 (10 ng). A DSB was previously introduced into this plasmid by digestion with EcoR1 restriction enzyme, thus creating a 4 base 5' protruding single strand (5' PSS). These speci®c DSBs were shown by Baumann and West (1998) to be substrate for endligation. The end-ligation mixture was incubated for 24 h at 188C. 32 P-labelled products were deproteinized by passing the mixture through MinElute 1 ®lter spin columns (Qiagen, Crawley, UK) and analysed by electrophoresis on 0.6% agarose gels. End-ligation eciency was quanti®ed by phosphorimaging and 2D densitometry analysis (AIDA). End-ligation eciency as assessed as a measure of the conversion of monomeric plasmids to ligated products. Thus, ligation eciency was calculated by dividing the densitometry readings for the sum of all converted plasmid products by the sum of all products.
Plasmid reactivation assay
For this, we used the DNA repair ®delity assay devised by North et al. (1990) . Nuclear extracts were prepared as for the end-ligation assay. Two mg of EcoRI linearized pUC18 was incubated with 2 ± 6 mg of nuclear extract. Reactions (10 ml) were carried out in 50 mM triethanolamine-HCl, pH 7.5, 60 mM KOAc, 50 mM dNTPS, 2 mM ATP, 1 mM DTT and 100 mg/ml bovine serum albumin. The mixture was incubated for 24 h at 188C. The plasmid was puri®ed from extract by passing it down a MinElute 1 ®lter column (Qiagen), then diluted threefold (150 ml) in TE buer and 1 ml (13 ng) was used to transfect Eschericia coli strain DH5a. Transformed cells were plated out on LB agar plates including 100 mg/ml ampicillin, 20 mM X-gal and 10 mM IPTG. The plates were incubated at 378C for 17 h and then placed at 48C for 3 h before colonies were counted. Three plates were made from each transformation reaction. To allow for spontaneous rejoining/incomplete EcoRI cutting, assay controls were conducted without nuclear extract. The number of colonies generated from these controls was subtracted from the number of colonies in the extracttreated samples. Control colonies were typically 510; no white colonies were detected. Primers around the EcoRI site were designed to generate a PCR product of 628 bp corresponding to nucleotides 150 ± 777 bp. Colony PCR was performed on blue and white colonies to determine the size of the deletion. (420 PCR products were analysed per sample). Sequencing of PCR products was performed on a ABI prism 377 DNA sequencer using Thermo Sequenase II dye terminator cycle sequencing premix kit (Perkin-Elmer, Warrington, UK) in accordance with the manufacturer's instructions.
NHEJ antibody abrogation studies
For NHEJ antibody abrogation studies, dilutions of anti-NHEJ protein antisera (200 mg/ml) were incubated in the end-ligation reaction mixture. Antibodies were blocked with ®vefold excess (by weight) of blocking peptide in a small volume of PBS. The blocking reaction was incubated overnight at 48C.
Western blotting
Cell lysates (1610 6 cells) from BS cells (PSNV4 and PSNG13),`corrected' BS cells (PSNF5) and normal ®bro-blasts (WI38 and VA13) were prepared in 10 ml sample buer and resolved by SDS ± PAGE (4 ± 12% gradient gels, Invitrogen) according to the method of Laemmli (1970) . For Western blot analysis proteins were transferred to nitrocellulose membranes using electroblotting (Invitrogen).
The membrane was blocked in 5% milk powder for 1 h prior to overnight incubation at 48C with primary antibody (1 : 200 dilution). Unbound antibody was removed with Tris buered saline containing 0.5% Tween 20 (TST). The membrane as then incubated with secondary antibody (HRP conjugated) for 1 h at room temperature, washed four times in TST and detection was made using ECL Plus reagents (Amersham Pharmacia, Little Chalfont, UK) according to the manufacturer's instructions.
